We characterized a set of terahertz quantum-cascade lasers with identical device parameters except for the doping concentration. The ␦-doping density was varied from 3.2ϫ 10 10 to 4.8ϫ 10 10 cm −2 . We observed that the threshold current density increased monotonically with doping. Moreover, the measured results on devices with different cavity lengths provided evidence that the free carrier absorption caused waveguide loss also increased monotonically. Interestingly, however, the observed maximum lasing temperature displayed an optimum at a doping density of 3. 5-7 Based on our current understanding, while we are able to choose the values of most device parameters, we are not able to predict the optimal amount of doping for a given design. In this letter, we present a systematic study of the effect of doping on the performance of THz QCLs.
Since Köhler et al. reported a quantum-cascade laser ͑QCL͒ operating in the terahertz ͑THz͒ frequency range at 4.4 THz, 1 significant progress has been made over the past three years. 2, 3 For example, THz QCLs have been improved from lasing only at very low temperatures 1, 2 to 164 K ͑Ref. 4͒ and from operating only in pulsed mode [1] [2] [3] to continuous wave. [5] [6] [7] Based on our current understanding, while we are able to choose the values of most device parameters, we are not able to predict the optimal amount of doping for a given design. In this letter, we present a systematic study of the effect of doping on the performance of THz QCLs.
The active region of the QCL wafer, similar to Ref. 6 , is based on a four-well module design in which the THz generating transition is from a pair of anticrossed double-well states, the longitudinal-optical ͑LO͒ phonon-mediated relaxation occurs in a wide and doped subsequent well, and the injection to the following double well is from an undoped well. A schematic of the conduction-band profile is shown on the left part of Fig. 1 , together with the calculated squared wave functions of the most important states. In order to isolate the effects solely due to doping, it is crucial to keep all the other parameters, including Al fraction and layer ͑well and barrier͒ thicknesses, unchanged while varying the doping concentration. This would be difficult to ensure by growing different wafers, due to the fluctuations in Ga and Al fluxes during the 20 h growth time for the present QCL design. To eliminate such uncertainty, a special molecularbeam epitaxy ͑MBE͒ growth procedure was employed. We used ␦-doping with Si at the center of the 153-Å-thick "phonon" well and stopped the wafer rotation only during the doping, each time precisely aligning the wafer's ͓011͔ crystallographic direction along the Si cell azimuthal orientation ͑see Fig. 1͒ . This resulted in a nearly linear gradient of the doping concentration across the 3 in. wafer which had otherwise identical layer thicknesses and aluminum fraction.
X-ray measurements indicated that the uniformity of layer thicknesses across the wafers was within ±0.5%, while the Al fraction uniformity was better than ±0.0003. The wafer was grown on a semi-insulating GaAs substrate with 176 cascaded four-well modules made of GaAs wells and Four pieces ͑labeled A-D͒ were used for this study. By secondary ion mass spectroscopy ͑SIMS͒ measurements, their ␦-doping densities were determined to be 3. Table I . Although SIMS measurements give us values for the Si concentration in the material, the amphoteric nature of Si in GaAs along with possible compensation by residual acceptors may result in a net electron concentration being considerably lower than Si concentration. We have therefore carried out electrochemical capacitance-voltage ͑ECV͒ profiling on two pieces of the wafer having the highest and lowest Si concentrations. The ECV measured carrier densities are 5 and 7 ϫ 10 15 cm −3 for the lowest and the highest doping pieces, respectively. The ratio between the ECV inferred highest and lowest densities is 1.4. These values are compared with those for Samples A and D listed in Table I ͑6.0 and 9.0ϫ 10 15 cm −3 ͒. The ratio between the SIMS determined values for Samples A and D is 1.5. Considering the uncertainties involved in ECV and SIMS measurements, the agreement ͑1.5 for SIMS versus 1.4 for ECV͒ is very good, showing that with the growth conditions chosen for the present wafer Si atoms occupy mostly the donor sites and the residual doping for the material is comparatively low.
The samples ͑A to D͒ were fabricated into highconfinement metal-metal waveguides using In-Au metallic wafer bonding as described in Ref. 6 . Lasers with various ridge widths ͑wet etched and ranged from 40 to 200 m͒ and cavity lengths ͑1-2 mm͒ were tested. All lasers were biased in pulsed mode with a pulse width of 1 s and repetition rate of 1 kHz.
Electrical and optical characteristics of the fabricated QCLs were measured at cryogenic heat-sink temperatures ͑10 to 120 K͒. Figure 2͑a͒ shows the temperature-dependent light versus current density curves of one device cut from Sample C. The threshold current density J th increases with temperature. Using the phenomenological expression J th = J 0 + J 1 exp͑T / T 0 ͒ to fit the data, we obtained a characteristic temperature of T 0 = 32.5 K. The inset to Fig. 2 shows a typical lasing spectrum measured at 10 K, which is peaked at 103.58 m in a wavelength corresponding to 2.90 THz in frequency. Figure 2͑b͒ shows the measured current versus voltage characteristics at various temperatures. Figure 3 shows the threshold current density versus the heat-sink temperature for different groups of devices. Different curves within each group result from devices with different cavity lengths and ridge widths, respectively. It is clear that devices with the lowest ␦-doping concentration ͑Sample A͒ have the lowest threshold current density, while J th is the highest for those with the highest ␦-doping concentration ͑Sample D͒. This stands in contrast to results in Ref. 9 for midinfrared QCLs, where the dependence of J th on doping was nonmonotonic. Figure 4 plots the threshold current density at 10 K for devices with different cavity lengths as a function of the reciprocal cavity length 1 / L. The thresholds in the limit of infinite cavity length ͑1/L → 0͒ are given in Table I . The behavior in Figs. 3 and 4 is consistent with a monotonic increase of the waveguide loss as the doping is increased. Unfortunately, we cannot extract the waveguide loss reliably as it would need an accurate determination of the transparency current density and the parasitic current as well as the mirror loss. For the present metal-metal waveguide, similar to a microstrip transmission line, the mirror loss is more complicated to simulate than the usual dielectric waveguide. Recent electromagnetic simulations of Kohen TABLE I. Doping parameters and measured results for a set of four samples. The average density is the value of the 2D ␦-doping divided by the total module thickness ͑534 Å͒, representing the average carrier density. The last two rows list the measured threshold current density at 10 K and in the infinite cavity length limit, and the maximum lasing temperature. et al. 10 predicted a reflectivity value in the range of 0.76-0.85 very different from that of about 0.3 calculated by an effective index of about 3.5.
So far, the general trends of the results are not surprising: Increasing doping results in an increase in free-carrier absorption and waveguide loss and therefore an increase in the threshold current. Although a lower doping leads to a lower threshold, it is obvious that the limit of zero doping is a useless situation ͑zero gain and therefore no lasing͒. In the high doping limit, it is also obvious that a very high threshold would render the device inoperable. There must be therefore an optimum region of doping for certain device characteristics. One of the most important figures of merit is the maximum operating temperature T max , which depends not only on the characteristic temperature T 0 , but the range of current densities for which lasing occurs, i.e., J max − J th , where J max is the maximum current density for which lasing occurs. Beyond this J max , subband misalignment happens and lasing ceases. Figure 5 shows the observed maximum lasing temperature T max of the four groups of QCLs as a function of ␦-doping density. It clearly shows the existence of an optimum ␦-doping density ͑ϳ3.6ϫ 10 10 cm −2 ͒. Note that each of the experimental points in Fig. 5 is the average of results from several devices and the error bars are the results of a statistical analysis. In addition to T max , we also analyzed T 0 for all devices, but no trend was found.
Although the observed results are not unexpected, we do not have a quantitative explanation. We hope that advances in modeling [11] [12] [13] would, in the future, provide the interpretation and the predicting power for the design of THz QCLs. Our results are somewhat different from those measured on a set of midinfrared QCLs, 9 where a minimum in the threshold as a function of doping was observed. However, in addition to the very different wavelengths ͑ϳ10 m there versus 103 m here͒ the device design and parameters of that experiment were quite different ͑e.g., more than ten times higher doping concentration͒. We note at least one key difference in the physical process: For midinfrared QCLs, the radiative energy level separation is greater than the LOphonon energy and the upper-state lifetime is dominated by LO-phonon scattering, which is relatively independent of the electron distribution and injection level. As a result, a larger doping should increase both J th and J max linearly. However, for THz QCLs, the radiative energy level separation is less than the LO-phonon energy, and fast LO-phonon scattering is only available to carriers that have sufficient kinetic energy. 11, 12 Hence, the upper-state lifetime sensitively depends on the injection level which changes the electron temperature and population on the upper level. Thus, even though the threshold population inversion may be simply linear with the doping level ͑which is proportional to the cavity loss͒, the threshold current density likely increases faster. Hence, the issue of optimum doping. This interdependence of relaxation rate on injection level is the main reason why the linear rate-equation approach, which has worked well for midinfrared QCLs, is not applicable for THz QCLs. Clearly more investigations are called for. The maximum temperature was measured in pulsed mode ͑pulse width 1 s and repetition rate 1 kHz͒ by increasing heat-sink temperature until the lasing operation could not be observed. The symbols are measured results and the curve is a guide for the eyes.
